The central Tauern Window and the adjacent Austroalpine Unit are characterized by complex tectonic, geological and geomorphologic settings that result in a variety of different hillslope processes. Most scientific studies in the literature about slope instabilities in the Tauern Window focus on single slopes only. The present work is a first attempt, to give a regional overview about gravitational mass movements and predispositional factors, which are typical for the Sub-Penninic, Penninic and Austroalpine units. The varying anisotropy in rock material caused by a highly diversified foliation and the presence of brittle fault zones affects the stability of the slopes within the study region significantly, thus leading to spatial pattern of different types of gravitational mass movements. Mountain slope deformations are the most characteristic morphologic feature and occur throughout the study area. The Sub-Penninic and Penninic units show a higher susceptibility of to rockslides and mountain slope deformations in the southwest dipping slopes. The
Introduction
Slope instability processes are common in the Eastern Alps.
They occur at a wide range of spatial and temporal scales. Occurrences of certain types of gravitational mass movements are linked directly to specific tectonic, geologic and geomorphologic conditions. Various authors have described gravitational mass movements in the Eastern Alps, e.g. Ampferer (1940) , Goetzinger (1943) , Stini (1941) , Zischinsky (1966) , Moser (1971) , Brückl and Scheidegger (1972) , Abele (1974) , Poisel and Eppensteiner (1988) , Poisel and Eppensteiner (1989) , Moser (1994) , Rohn et al. (2004) , Lotter and Moser (2007) , Prager et al. (2008) , Agliardi et al. (2009) , Gruber et al. (2009) , Poscher (1990) , Hübl et al. (2009) , Sausgruber et al. (2010) , Tilch et al. (2011) , Melzner et al. (2012) , , Patzelt (2012a) , Patzelt (2012b) , Ostermann et al. (2012) , Zangerl et al. (2012) , Chifflard and Tilch (2013) , Supper et al. (2013) and Melzner and Guzzetti (2014) .
Most of the literature discussing mass movements in the cen- (Reitner and Linner, 2009 ). Information about the spatial distributions of these movements is presented in various geological maps e.g. Geologi-
cal Map of the Sadnig Group, 1:25.000 , Geological map of the Sonnblick Group, 1:50.000 (Exner, 1962) , Geological Map of Salzburg, 1:200.000 (Braunstingl et al., 2005) and the recently published geological map Lienz, 1:50.000 (Linner et al., 2013) .
The literature does not however include a regional overview of the tectonic, lithologic and geomophological factors that influence the occurrences of different types of mass movements in the central Tauern Window and the adjacent Austroalpine unit. The current study aims to address this issue and provide a profound basis for a more detailed investigation at slope scale, including a detailed kinematic analysis of failure mechanisms respectively.
The term "gravitational mass movements" includes all processes that involve the outward or downward movement of slope material under the influence of gravity (Varnes, 1978) .
In contrast to other slope processes (e.g. soil erosion), gravi-____________________ _______________________________
Definitions
tational mass movements do not need a transportation medium such as water, ice or air. Other terms, similar to gravitational mass movements, that are used in the literature include landslides (Cruden, 1991) , mass movements (Hutchinson, 1968; Brunsden and Prior, 1984) , mass wasting (Yatsu, 1966) , slope movement (Varnes, 1978) and deep-seated gravitational slope deformation (Dramis and Sorriso-Valvo, 1994) .
The term landslide is often used when referring to any of the above slope movement types. However, the term is considered unsuitable for this purpose because it implies a sliding type mechanism whereas other mechanisms are often applicable. Other authors have expressed similar concerns with the use of the term (e.g. Varnes, 1978; Crozier, 1989) .
Gravitational mass movements occur at a wide range of temporal and spatial scales. They may be small localised processes (e.g. single rockfall) or occur over several square kilometres (e.g. rock spread). Their velocities may vary from very-slow (mm/year) to very-fast (m/sec) (Cruden and Varnes, 1996) .
Gravitational mass movements can vary significantly in form, _______ ______ __ 1.2 Classification schemes for gravitational mass movement behaviour, speed, material and volume. They often consist of several sub-processes (Crozier, 1989; Dikau et. al., 1996) . Numerous classification systems have been presented in the literature to differentiate gravitational mass movements. Well cited systems include those developed by Hutchinson (1968 Hutchinson ( , 1988 , Skempton and Hutchinson (1969) , Varnes (1958 Varnes ( , 1978 , Goodman and Bray (1976) , Hoek and Bray (1981), Cruden and Varnes (1996) and Dikau et al. (1996) . Varnes (1978) .
_______________

________________________
This paper considered this system and those by Cruden and Varnes (1996) , WP/WLI (1993), Dikau et al. (1996) and Hungr et al. (2014) . These systems distinguish a gravitational mass movement according to mechanism (e.g. fall, topple, slide, flow (incl. creep), spread, complex) and the material involved in the movement.
In relation to mechanism, the term "falls" describes the free fall of material from a steep slope. The term "topple" involves a tilting movement at the base of the mass. Movement along a distinct shear surface are referred to as "slides", which are subdivided into "rotational" (concave slide surface) and "translational" (planar sliding surface) types. The term "spread" refers to the lateral extension of cohesive material over a deforming mass of softer underlying material (Dikau et al., 1996; Poisel and Preh, 2004) . A "flow" is a spatially continuous movement in which surfaces of shear are short-lived, closely spaced and usually not preserved. The distribution of velocities in the displacing mass resembles that in a viscous liquid (Cruden and Varnes, 1996) . "Complex" characterises movements that combine different mechanisms (Dikau et al., 1996) . Hungr et al. (2014) consider this latter term to be inappropriate because nearly all movements involve more than one type of mechanism (and often more than one type of material).
A "mountain slope deformation" is a large-scale gravitational deformation occurring on steep, high mountain slopes, without fully defined rupture surface and extremely slow rates of movement. The difference between this type of movement and "rock slope deformation" is that the latter type occurs on slopes that are only a few tens or hundreds of meters high and in weak rocks (Hungr et al. 2014) .
A "rock compound slide" is characterized by a rupture surface comprising several planes, or a single uneven shaped surface.
It also tends to involve significant internal distortion of the moving mass (Hungr et al 2014) .
The study area is located in the north-western part of the federal state of Carinthia, Austria. It is part of the geographical unit Goldberggruppe, which occupies a total area of approxi- (Melzner, S., 2011) . dominant fault planes that strike in WNW-ESE, NNW-SSE, N-S, NNE-SSW and NE-SE directions (pol plot and great circles in equal area projection, lower hemisphere, n. 86) with a high degree of separation are the main cause for large volume rockfalls (GMM 12 in Fig. 1 ) (mapping by Melzner, S., 2010).___________________________________ The region is located within the southern part of the central Tauern Window, which is characterized by high tectonic and lithological complexity (Kurz et al., 1998) .
From north to south, the region comprises three main tectonic units: Sub-Penninic, Penninic and Austroalpine unit (Schmid et al., 2004; Pestal et al., 2009) (Fig. 1-2 ). The rocks of the Sub-Penninic and Penninic unit dip towards the south-west, whereas those of the Austroalpine unit dip gently to steeply towards the south-west and, in part, to north-east ( Fig. 1-2 ).
The lowest tectonic unit of the Tauern Window incorporates the sub-penninic Venediger Nappe System (Frisch, 1976; Frisch, 1977; Schmid et al., 2013) , which is found in the northern part of the study area (Fig. 1) . Rocks of the Zentralgneis, Wustkogel-, Seidlwinkl-, and Brennkogel Formations are the predominant lithostratigraphic units in this area (Pestal et al., 2009 ).
The Glockner Nappe System (Penninic unit) comprises various lithologies of the Jurassic to Cretaceous Bündnerschiefer Group ( Fig. 1 ) (Pestal et al., 2009; Schmid et al., 2013) . In upper tectonic position, the Penninic unit incorporates the Matrei Zone ( Fig. 1) . In contrast to the Glockner Nappe System in the ____________________________ ________________ _ study area, the Matrei Zone contains meta-sediments of the Bündnerschiefer Group, which are also of Jurassic age.
The southern half of the study area is occupied by the Austroalpine unit, which can be subdivided into a Lower and Upper Austroalpine sub-unit with assigned lithologic complexes (Fig.1) (Fig. 1) .
The Upper Austroalpine sub-unit is represented by the Prijakt Nappe as part of the Koralpe-Wölz Nappe System (Schmid et al., 2004; Schuster 2011) (Fig. 1) .
The Prijakt Nappe, as the tectonic highest unit of the study area, comprises the Prijakt-Polinik Complex.
Brittle deformation is dominated by two dominant strikeslip fault systems, assigned to the dextral NW-SE striking
Isel and Mölltal faults and to the sinistral WSW-ENE-striking
Drautal and Zwischenbergen-Wöllatratten faults ( 
Results
Tectonic and structural geologic factors
_ ____________________ _ _______________ unit), the highly heterogeneous anisotropy is expressed by (Melzner et al., 2012) :
A significant number of discontinuity sets with each set generally containing discontinuities that have orientations that deviate significantly from the mean orientation of the set.
Highly persistent faults that are widely spaced and persistent.
Deep tension structures that follow the main fault systems.
Rapid transitions in the lithologies and volumetric densities of discontinuities.
The dip-directions of the main foliation vary significantly, but in general dip shallow to moderately (< 30°). In the areas of Moertschachberg and Goaschnigkopf ( 
Lithological properties
Figure 6: Rockfall boulder that was released as secondary rockfall at the highly disintegrated front of a mountain slope deformation (GMM 2 in Fig. 1 ) in coarse-grained granitic gneiss in the Zentralgneis Complex (Venediger Nappe System) (photo by S. Melzner, 2010) .____ tion of intercalated greenschists The Venediger Nappe System ( Melzner, S., 2010) . A rotational rock slide has developed next to the strongly degraded mountain slope deformation in the area of Mitten (Mittner Berg-Talzuschub) in the Glockner Nappe System. Beneath Kulmer Kogel,the dominant geomorphologic feature in this area is a rock planar slide in its initial stage of development (GMM 4 in Fig. 1 ). This feature has displaced ma- An example of mountain slope deformation occurs near to the confluence of the Small Zirknitz and Large Zirknitz Rivers (GMM 2 Fig. 1 ) within the Venediger Nappe System (Sub-Penninic unit). The combination of rock spread and creep (terms according to Varnes, 1978) is in its initial stage of development. The scarp area of the mass movement has developed more-or-less completely, whereas an over-steepened front
has not yet formed distinctly ( to rockslides and rockfalls as secondary processes (Fig. 6) . In other parts, deformations are characterized by recent secondary debris slides and small debris flows on the highly disintegrated surfaces (e.g. the 2005 event in Rupitschkaser). These events can be hazardous for road users and infrastructure.
A rotational rock slide has developed next to the strongly degraded mountain slope deformation in the area of Mitten (Mittner Berg-Talzuschub) (Fig. 7) in the Glockner Nappe System. The lower part of the mass comprises a soil flow (GMM 3 in Fig. 1 ). The ability for the lithologies of the Glockner Nappe
System to form cliffs depends on the characteristics of the materials and the specific glacial and post-glacial erosion processes. These processes have resulted in dominant relief along pre-existing joints and faults (Section 3.1).The south-west dipping slopes beneath Kulmer Kogel do not form steep cliffs as a result of the lithological units dipping parallel to the slopes __ ( Fig. 2A) . The dominant geomorphologic feature in this area is a rock planar slide in its initial stage of development (GMM 4 in Fig. 1 ). This feature has displaced material with an appro-3 ximate volume of 350,000 m (Fig. 7) . The underlying rupture surface developed along foliation and dips at approximately 40° towards the southwest (160° to 230°). The upper part of the slide has moved approximately 20 m (Fig. 4A) . In the area of the scarp, the foliations in the mica-marble dip at 26° to 35° towards 203° to 272° (Melzner et al. 2012) . The upper part of the mass is characterized by highly loosened zones containing caves and tension fissures that strike orthogonal to foliation (Fig.4B ). In the toe area (eastern side), the foliation dips at 24° to 45° towards 052° to 078°; opposite to the dip of the slope. This orientation has resulted in overturning or folding of the mass at the toe of the slide (Fig. 4C) . Sliding, rockfalls and block toppling occur as secondary processes at the front and/or along the eastern side of the slide (Fig. 4 C & 6 D).
The largest gravitational mass movements (Fig. 8) in Fig. 1, Fig. 8 & 9 ). In contrast, towards the Möll Valley, the process mechanism was a rock fall which turned into a rock avalanche.
The mountain slope deformation of the Kräuterwiesen (" Tal- zuschub", GMM 11 in Fig.1, Fig. 12 The Sub-Penninic and Penninic units show a high susceptibility to rock planar and rotational sliding modes and mountain slope deformation in southwest dipping slopes with a predominance of sliding processes due to the predisposed dip-slope situation.
The Lower Austroalpine sub-unit is primarily associated with mountain slope deformation, most likely associated with poorly defined rupture surfaces ("rock creep").
The Upper Austroalpine sub-unit is highly susceptible to rockfalls. Mountain slope deformation, with no clear dominance towards sliding or "creeping" processes, is also prevalent depending on the structure of the rock masses and the orientations of the slopes.
Deep-seated and large-scale mountain slope deformations are therefore the most characteristic morphologic features in the study area. The kinematic mechanisms of these mass movements and their developing stage from initial (e.g. GMM 2 in Fig. 1 ) to final shapes (e.g. GMM 11 in Fig. 1 ence the spatial distribution of slope failures within the SubPenninic and Penninic Units are as follows:
The tectonic settings are not conducive to the development of distinct cliffs ( Fig. 2A) in the areas comprising south-west dipping slopes. These areas are predominantly susceptible to rock planar slides (Fig. 3 & 5) and mountain slope deformation (GMM 1 & 2 in Fig. 1 ) when suitable tectonic structures are present. Cliffs, and hence potential rockfall source areas, are generally restricted to those areas that lie orthogonal to the strike direction of the lithological units (GMM 1 in Fig. 1), areas of significant tectonic structures, or areas of deep-seated gravitational mass movements (Fig. 7) . The geographic location of GMM 2 (Fig. 1) in the Zirknitz valley between the confluence of the "Große Zirknitz" and "Kleine Zirknitz" rivers likely favour lateral movements of the mass movement bodies.
The confluence of the two over-steepened glacial valleys is likely to be the primary cause for this slope failure (GMM 2 (Fig. 4) . In contrast, the rock slide at Kulmer Kogel (GMM 4 in Fig. 1 ) has a relatively steep slope gradient, because the rock is generally of high strength and each failure occurs primarily along a single weak zone formed by the foliation of an intercalated mica-schist layer (Fig. 3) .
The Penninic Matrei Zone has been ________ Figure 11 : On the orographic right side in the Asten Valley (GMM 7 ), a total of four mountain slope deformations), exhibiting a dominance of rock creep, evolve from deep tension cracks above the scarp areas into a significant vertical mass loss downslope. In 1966 a child got killed by a slide (GMM 8) in quaternary sediments, documentation of landslide fatality by a habitant (upper photo by S. Melzner, 2010; lower photo by unknown photographer).__________________________________ subjected to intense ductile deformation and brittle faulting. As a result, the local anisotropy of this tectonic melange zone tends to be characterized by strongly foliated low to mediumstrength rocks. Predominantly homogeneous and moderate slope inclinations are associated with this characteristic (Fig.   4 ). This characteristic and the orientations of the tectonic unit/main foliation (SW) relative to the slope exposition (S-SE) of the orographic right slopes of the Asten River do not favour the development of fully defined rupture surfaces. Rock creep tends therefore to be more prevalent than sliding. Furthermore, the geographic locations of the mass movements (GMM 6 in . The Upper Austroalpine sub-unit is highly susceptible to rockfalls and also to mountain slope deformation (GMM 9-11). There is no clear dominance towards sliding or "creeping" processes, the mode depends on the structures of the rock masses and the slope orientations. Some cliffs developed from a sequence of scarps subsequent to several large volume rockfall events (GMM 10). Rockfall are endangering houses and infrastructures. mountain slope deformation "3" (GMM 7 in Fig. 1 , "1-4" in Fig.   10 ), which comprise quaternary sediments, mobilised in 1966 resulting in a child being killed (GMM 8 in Fig. 10 & 11 Fig. 1, Fig. 12 ). The heterogeneous anisotropy may result in different failure mechanisms as well as considerable diversity in block size and shape (Melzner et al., 2012) .
The mountain slope deformation of the Kräuterwiesen (GMM 11 in Fig. 1 & 12) was likely initiated by glacial erosion and loading and unloading phases during the periods of glaciation.
Due to the large rock displacement of the mountain slope deformation Kräuterwiesen, it is highly likely that the dominant failure mechanism is progressive developed sliding. A continuous sliding surface could not however be observed during field investigations.
Various ductile and brittle deformation phases have a significant influence on the local strength anisotropy of the foliated rocks in the study area. Zangerl et al. (2012) 
Discussion
modes (Weidner et al., 2011) . The upper part of the slope is characterized by translational sliding along steeply dipping sliding planes. The movement in the lower part is characterized more by rotational sliding due to high rock decomposition (Moser and Glumac, 1982; Moser, 1994; Weidner et al., 2011) .
Although the mountain slope deformation at the Astner Moos (GMM 6 in Fig. 1 ) is situated in the same tectonic unit, it shows in contrast to the Egger-Wiesen-Kopf (GMM 13 in Fig. 1 ), less displacement in the direction of the slope. This characteristic is associated with there being less defined rupture surfaces (i.e. predominance of rock creep versus the development of sliding zones) and a significantly lower slope angle (Fig. 16 ).
Moser ( The rock slide of Niedergallmigg (Tyrol) is characterized by a large rock displacement similar to the mountain slope deformations (with most likely dominant sliding movement) of the Kräuterwiesen (GMM 11 in Fig. 1 ). This mechanism significantly influences the mechanical and hydrogeological characteristics of the rock masses and the in-situ stress conditions in the over steepened front part . The high susceptibility towards the formation of secondary slides and rockfalls in the over-steepened front part is common in such highly fragmented mass movement bodies. Moser (1994) and Hermann (1996) In contrast, the rock avalanche at Mohar (GMM 5 in Fig. 1) shows a significant longer runout distance (Fig. 16) The Sub-Penninic and Penninic units show a higher susceptibility towards rock planar slides and mountain slope deformations in the south-west dipping slopes, with a predominance of sliding processes due to the predisposed dip-slope situation.
The Lower Austroalpine sub-unit is subject primarily to mountain slope deformations involving poorly defined rupture surfaces (dominance of rock creep).
The Upper Austroalpine sub-unit is highly susceptible to rockfalls and mountain slope deformations with no obvious dominance of sliding or creeping mechanisms.
The slopes are in part covered by moraine deposits or scree due to glacial and postglacial landscape evolution. Rockfall activity, due to the (re-) mobilization of boulders caused by erosion processes, mass movements or wind throw, is a common process. "Secondary" rockfalls can be triggered from nearly anywhere in the study area. Superficial soil slips and flows are common gravitational mass movement types in the Quaternary fillings of the steeply incised valleys. Present structure and prefailure topography of the giant rockslide of Köfels.
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